A protein stabilization system is a type of post-transcriptional processing that ubiquitously exists in various types of cells, and it plays a major role in stabilizing the three-dimensional conformation of a translated protein. It comprises a series of activation-deactivation reactions coupled with nucleocytoplasmic shuttling, and it is described by a four-dimensional nonlinear ordinary differential equation based on chemical kinetics. This study shows that this system can variously function as two types of integral controllers, low-pass filter, and integrator depending on the combination of the statuses of cytoplasmic and nucleus enzymes that mediate its reaction rates. This indicates that the system is multifunctional, where these statuses are controlled by the peripheral system around the stabilization system. In particular, because realizing an integral controller for regulating the concentration of a particular molecule to a desired level in biochemical reactions is theoretically and technically important in molecular robotics, the author demonstrates some numerical simulation results regarding integral control.
Introduction
Recently, a molecular robotics project has attracted considerable attention in various academic fields such as computational science, control engineering, chemistry, molecular biology, and DNA nanotechnology. This project aims to establish fundamental technologies for manufacturing a microscale autonomous mobile robot comprising biomolecules [1] . The robot is intended to be driven by some type of biological actuator whose power is controlled by biochemical reactions, and the basic study on biological devices such as gel actuator has been continued. In a molecular robot, a typical control problem is motion control based on information obtained from a biological sensor. Therefore, a method for regulating the concentration of a particular molecule, which determines the actuator performance, to a desired level by using biochemical circuits (reactions) is essential. However, its realization is a challenging task from the viewpoints of both control theory and implementation technology [2] - [4] .
The architecture of a molecular robot created from only biomolecules would be similar to that of the cell system in our body. Therefore, it is expected that the authors can derive principles for controlling the biochemical reaction networks from the intracellular signal transduction systems. Cellular processes such as proliferation, differentiation, and apoptosis are accurately controlled by such systems, which are basically biochemical reaction networks with proteins, messenger RNA (mRNA), and genes [5] . An extracellular ligand stimulation as a command to a cell system is transmitted into target genes through a series of protein-protein interactions and activationdeactivation reactions of signaling proteins, and it eventually * Department of Systems Design and Informatics, Faculty of Computer Science and Systems Engineering, Kyushu Institute of Technology, 680-4 Kawazu, Iizuka, Fukuoka 820-8502, Japan E-mail: nakakuki@ces.kyutech.ac.jp (Received September 20, 2014) (Revised November 13, 2014) conduces to an appropriate cellular response; this is called the cell fate control system [6] . It is well known that a "signal" in the system is a concentration of biomolecules and that the concentration or its change is regulated in biochemical reaction networks by a control system [7] , [8] . Remarkably, this control system is reasonably reliable and robust against environmental changes such as temperature and pH, change in network structure or a reaction constant by mutation, and disturbances such as injurious ultraviolet radiation [9] , [10] . Studies have previously reported that this robustness is supported by feedback regulation, bow-tie architecture of signal processing, redundancy of signaling pathways, and subsystem modularity [6] . With regard to feedback control, it is well known that the motion control of bacterial chemotaxis is robustly accomplished by integral control for regulating the concentration of the chemotactic protein, which controls motion, to a reference level based on the integration error [11] - [13] . Interestingly, this integral control is realized by a series of methylation reactions of receptors without the direct calculation of the integration error, and the result implies that biochemical reactions can function as an integral controller by appropriately designing a reaction scheme and rate. However, less information is currently available about other biochemical reaction networks for integral control in which the control calculation for the motion control of a molecular robot will be implemented in biochemical reactions inside the robot instead of receptor methylation on the membrane [1] .
This study shows that a protein stabilization system, a typical post-transcriptional processing, can function as an integral controller for regulating the concentration of a target protein. Originally, this system was reported to be a post-transcriptional processing for stabilizing the three-dimensional conformation of a translated protein [14] . It was modeled by a series of activation-deactivation reactions coupled with nucleocytoplasmic shuttling, and it was described by four-dimensional ordinary differential equations based on chemical kinetics [15] . It was noted that the dynamics of the system can change depend-ing on the activity of the cytoplasmic and nucleus enzymes that tune some reaction rates, under the condition that the activation of the cytoplasmic enzyme rapidly occurs upon ligand stimulation and is sustained at a high level and that the activation of the nucleus enzyme is transient and returns to a low level. In this case, we show that the system can be transformed into a closedloop system with an integral controller. The reference (target) concentration to be realized can be tuned by the cytoplasmic enzyme; this enzyme is also controlled by the peripheral system around the system. Although the basic concept has been reported in [4] , this study refines the theoretical derivations and provide some new results regarding the characteristics of the integral controller. Furthermore, it is shown that this system has four possible functions-two types of integral controllers for nucleus or cytoplasmic target protein, a low-pass filter, or an integrator-that can be selected by tuning the activity levels of the cytoplasmic and nucleus enzymes, implying that this system is multifunctional. In particular, because it is theoretically and technically important in molecular robotics to realize an integral controller for regulating the concentration of a particular molecule to a desired level in biochemical reactions, the author presents some numerical simulation results regarding integral control. The above-described multifunctionality and numerical simulations are newly added relative to [4] .
Protein Stabilization System Coupled with Nucleocytoplasmic Shuttling
The proteins translated in the process of central dogma play various roles in signal transduction systems to maintain the performance and behavior of the cell system [6] . Some proteins regulate the activation or deactivation of signaling molecules as a kinase or a phosphatase mainly in the cytoplasm, and others function as a transcription factor to induce subsequent gene expressions in the nucleus [16] . Because a signal (or information) that flows in a signal transduction system is a molecule concentration and is modulated by the concentrations of the molecules involved in the system, it is necessary to control the concentration of a translated protein to a desired level.
Protein translation is accomplished by ribosomes in the cytoplasm, where mRNA transcribed from DNA responding to the binding of a transcription factor in the nucleus moves to the cytoplasm and is then translated into a protein by ribosomes. This typical process of central dogma consists of the cascade of the two open-loop systems in the transcription and translation processes. Then, two strategies can be used for controlling the concentration of the translated protein-transcriptional feedback and/or post-transcriptional control ( Fig. 1 ). In transcriptional feedback control, the concentration of the transcription factor is modulated by the translated protein directly or indirectly through other signaling proteins, and as a result, the concentration of the translated protein as an output of the feedback system can be controlled. This feedback motif is frequently found in intracellular signal transduction pathways in various eucaryotes, and studies have already reported on the functions of transcriptional feedback [7] , [13] , [15] , [17] , [18] . The mechanism of the feedback system generally tends to be complex with the process of central dogma, and there exists a stability problem with the limit cycle for the closed-loop system (e.g. [19] - [23] ). Thus, from the viewpoint of practical utility in a molecular robot, it would be technically difficult to realize a controller with a transcriptional feedback mechanism. In contrast, post-transcriptional control can regulate the concentration of the translated protein to a desired level despite the lack of an explicit feedback loop, as explained below, and the stability of the controlled system is invariably maintained; therefore, the authors mainly focus on this mechanism in this study. Now, we consider a protein stabilization system coupled with nucleocytoplasmic shuttling, a typical process in posttranscriptional modification (Fig. 2 ). Because translation is realized by the ribosomes in the cytoplasm, transcription factors should move into nucleus and activate to perform transcription. It is well known that certain transcription factors such as dualspecificity phosphatase (DUSP) and c-Fos protein, which are ubiquitously found in various signal transduction pathways, are transformed into their activation forms in a subsystem compris-ing a series of biochemical reactions in a process called protein stabilization [14] , [15] . Figure 2 shows a schematic view of the reactions, which are summarized as follows. First, mRNA is translated into a cytoplasmic protein A (cyt) (reaction v 1 ). A (cyt) is activated by enzyme E (cyt) and deactivated in the cytoplasm (reactions v 2 and v 3 , respectively). A (cyt) and its activation form pA (cyt) can move into the nucleus (reactions v 6 and v 7 , respectively), and enzymatic activation and deactivation also occur in the nucleus in a similar way to those in cytoplasm (reactions v 4 and v 5 , respectively). Although inactive A has an unstable structure and is rapidly degraded (reactions v 8 and v 9 ), its activation form pA can avoid the degradation [14] . The model is described by ordinary differential equations based on chemical kinetics in which the state variables are concentrations of species (See Appendix A for the derivation).
where x 1 , x 2 , x 3 , and x 4 are the concentrations of cytoplasmic A and pA and nucleus A and pA, respectively. u is the mRNA concentration and is the input of the system. e 1 and e 2 are the concentrations of enzymes E in the cytoplasm and nucleus, respectively. V c and V n are the cytoplasmic and nucleus volumes, respectively. b, K i and V i (i = 2, · · · , 5), k i , k e , k 8 , and k 9 are positive constant parameters. The subsystem is called protein stabilization because the transcription factor A needs to be enzymatically activated by E to attain a stable three-dimensional conformation; otherwise, it degrades rapidly. The docking site of A by E is called the DEF domain [14] , and it has been reported that certain types of transcription factors possess the domain and utilize protein stabilization [15] , [16] ; therefore, it appears to be an important mechanism in signal transduction systems.
Relations with Peripheral Signal Transduction Systems
The protein stabilization shown in Fig. 2 is only one of the subsystems in the signal transduction system. The reaction rates of enzymatic activation (reactions v 2 and v 4 ) are controlled by a peripheral system in which the concentrations of E (cyt) and E (nuc) are regulated to appropriate levels ( Fig. 3 ). In this case, the peripheral system acts as a supervisor, and the dynamics of the protein stabilization mechanism (1) alter depending on the concentrations of E (cyt) and E (nuc) . For example, we consider the stabilization of c-Fos protein by mitogen-activated protein kinase (MAPK) in which A (cyt) and A (nuc) are cytoplasmic and nucleus c-Fos proteins, pA (cyt) and pA (nuc) are their active forms, and E (cyt) and E (nuc) are cytoplasmic and nucleus MAPK, respectively [15] . First, the peripheral system is initiated with an extracellular stimulus, leading to the activation of membrane receptors. Then, the rapid activation of MAPK, a downstream target of the receptor-induced signal transduction systems including MAPK cascade, occurs over several minutes. Importantly, two types of time-course patterns in MAPK activation-a transient response within several minutes and a sustained response-are observed in the cytoplasm and nucleus depending on the type of extracellular stimulus. This transientvs.-sustained response of MAPK has been universally found in various cell lines rather than a special case of c-Fos protein stabilization [15] , and it is well known that the difference in the patterns may be involved in cellular responses [24] . Then, there arise four possible combinations of activation patterns of E (cyt) and E (nuc) , as shown in Fig. 4 . The dynamics of mRNA transcription and its translation are considerably slower than that of MAPK activation. In fact, a time-course pattern of MAPK activation is determined before the translated c-Fos protein firmly appears, indicating that E (cyt) and E (nut) function as a constant gate for the stabilization system, in which the MAPK level is low or high according to a transient or a sustained response.
In the next section, we consider the functions of the protein stabilization system for each of the four possible combinations.
Functions

High E (cyt) and Low E (nuc) : Integral Control for
pA (nuc) In this case, the enzymatic activation of A (cyt) is dominant compared to the deactivation of pA (cyt) in the cytoplasm owing to the high level of E (cyt) (v 2 (t) v 3 (t)), and the deactivation of pA (nuc) is dominant compared to the enzymatic activation of A (nuc) in the nucleus (v 5 (t) v 4 (t)). For the sake of simplicity of the theoretical discussion, we introduce the following assumptions.
Assumption 1
The following conditions are satisfied:
1. The activation reaction v 2 is saturated with a large amount of x 1 owing to the firm transcription and translation processes (x 1 K 2 ).
The deactivation reaction
3. The activation reaction v 4 is ignorable owing to v 5 v 4 .
4. The deactivation reaction v 5 is operated in a linear region (x 4 K 5 ).
Remark 1
The influence of these assumptions is investigated in the simulation study.
Considering that the Michaelis-Menten rate equation
x, the stabilization mechanism (1) is rewritten aṡ
Below, the authors show that the stabilization system (2) functions as an integral controller for regulating the concentration of x 4 to a target level that can be tuned by the peripheral signal e 1 . The derivation below is based on the concept of the integral controller for motion control in bacterial chemotaxis [11] , [13] .
Let the total amount of activated protein in the whole cell be defined by
By differentiating (3) along with the system (2), we obtaiṅ
Then, the equilibrium state withẋ p ≡ 0 leads to
where x * 4 denotes the equilibrium state of x 4 . Next, we calculate the following error:
By substituting (6) into (4), we obtaiṅ
where the gain K I is
By integrating (7),
where x p (0) = 0 as it is reasonable that there are no active x 2 and x 4 before adding extracellular stimulation. Finally, we reconsider the x 4 -subsystem in (2) as follows:
Using Eq. (9), we obtain the following x 4 -system with the integral controller:
where α is a positive constant given by
According to Eqs. (5), (11) , and (12), x * 4 can be tuned by the concentration of cytoplasmic enzyme (e 1 ) that is also controlled by the peripheral system acting as a supervisor (Fig. 3 ), whereas other system parameters including α and integral gain K I are invariant as they are physically defined by rate constants. It would be beneficial for x * 4 to be a reference if it is not influenced by the mRNA expression level (x 1 ), the import and export rates (k i and k e , respectively), and the degradation rates (k 8 and k 9 ). In particular, by supplying a sufficiently large amount of x 1 from the transcription and translation systems, the protein stabilization system robustly maintains the output level of x 4 at a reference level.
Remark 2
The feedback system with an integral controller (11) is stable, and the response causes no overshoot, as shown in the eigenvalue analysis below. Consider the state space representation of (11):
The eigenvalues of the system are given by the following characteristic equation:
Then, it is obvious that the system is stable. By checking the discriminant
two eigenvalues are real roots and different from each other, implying that the system response does not show any overshoot.
Low E (cyt) and High E (nuc) : Integral Control for pA (cyt)
In this case, the deactivation of A (cyt) is dominant compared to the enzymatic activation of pA (cyt) in cytoplasm owing to the low level of E (cyt) (v 3 (t) v 2 (t)), and the enzymatic activation of pA (nuc) is dominant compared to the deactivation of A (nuc) in the nucleus (v 4 (t) v 5 (t)). As in the previous discussion, the following assumptions are made:
1. The activation reaction v 2 is ignorable owing to v 3 v 2 .
2. The deactivation reaction v 3 is operated in a linear region (x 2 K 3 ).
3. The activation reaction v 4 is saturated with a large amount of x 3 owing to the firm transcription and translation processes (x 3 K 4 ).
The deactivation reaction
Then, the stabilization system (1) is approximated bẏ
By performing a similar derivation with the previous section, we obtain the following feedback system with an integral controller:
where
Then, it is concluded that x 2 is regulated to a desired level x * 2 without overshoot, and x * 2 can be tuned by the concentration of the nucleus enzyme (e 2 ), whereas other system parameters including α and integral gain K I are invariant.
Low E (cyt) and Low E (nuc) : Low-Pass Filter for pA (nuc)
This is a simple case in which the four activation-deactivation reactions are ignorable, and only nucleocytoplasmic shuttling exists between x 1 and x 3 . The degradation rates k 8 and k 9 are generally the same because x 1 and x 3 are the same type of protein and only have different locations (cytoplasm or nucleus) [15] . Furthermore, the degradation rates are much smaller than the import and export rates [15] . Then, the authors make the following assumptions:
The following conditions are satisfied.
Then, the stabilization system (1) is reduced aṡ
which leads to the following transfer function from the input u to the output x 3 :
As the discriminant of the denominator polynomial is positive, i.e.,
the two poles are real and different from each other, implying that the characteristics of the low-pass filter are determined by the superposition of those of the two first-order low-pass filters.
High E (cyt) and High E (nuc) : Integrator of E (cyt) and E (nuc)
In this case, the enzymatic activation of A (cyt) and A (nuc) are dominant compared to the deactivation of pA (cyt) and pA (nuc) both in the cytoplasm and the nucleus owing to the high level of E (cyt) (v 2 (t) v 3 (t)) and E (nuc) (v 4 (t) v 5 (t)). The authors then make the following assumptions:
Assumption 4
2. The deactivation reaction v 3 is ignorable owing to v 2 v 3 .
The deactivation reaction
Then, the stabilization system (1) is approximated aṡ
By differentiating (3) along with (25), the authors obtaiṅ which leads to the following solution:
Then, it is concluded that x p functions as an integrator of e 1 and e 2 . Table 1 summarizes the relations between the status of the enzymes and the functions of the stabilization system, implying that the system (1) is multifunctional, and the functions are determined according to the concentration levels of cytoplasmic and nucleus enzymes (E (cyt) and E (nuc) , respectively) that are tuned by the peripheral system. In fact, such a situation has been experimentally observed in c-Fos protein stabilization by MAPK in MCF-7 human breast cancer cells [15] . Heregulin (HRG), a ligand that causes cell differentiation, induces the sustained activation of cytoplasmic MAPK and the transient activation of nucleus MAPK, where the activation rapidly occurs within approximately 5 min and sustains a higher level for several hours in the cytoplasm, and a transient activation returns to a lower level within approximately 10 min in the nucleus. Alternatively, epidermal growth factor (EGF), a ligand for cell proliferation, induces the transient activations of both cytoplasmic and nucleus MAPK. On the other hand, c-Fos mRNA appears in 10-20 min, reaches the peak at approximately 30 min, indicating that the concentration levels of MAPK in the cytoplasm and nucleus (high vs. low) are determined before the c-Fos protein stabilization system firmly starts to work. The experimental data show that a large amount of active c-Fos protein is measured with HRG and a small amount of c-Fos protein, with EGF, implying that the integral controller may serve to realize a high concentration of active c-Fos in the case of HRG and that the low-pass filter reduces the concentration of c-Fos in the case of EGF.
Summary and Discussions
Simulations
Parameters
The parameters of the system (1) employed in the simulation section are summarized in Table 2 . The ratio of volumes between cytoplasm and nucleus (V c /V n ), the import and export rates (k i and k e ), and the activities of E (cyt) and E (nuc) are determined according to [15] . Other parameters are appropriately given such that the system functions as an integral controller where the authors perform parameter estimation to find them. The input u, which corresponds to a concentration of mRNA, is set to 1. All initial conditions are set to 0 since it is reasonable that there exists no translated proteins at the initial state.
Integral Control
Consider the case in Section 4.1. From (5) , the reference x * 4 is calculated by 
From (12) and (8), the authors have α = 0.977 and K I = 0.377. Figure 5 shows a time-course plot of x 4 , indicating that x 4 converges to x * 4 . According to (5) , the reference x * 4 is not influenced by a perturbative change in the expression level of mRNA (u) or degradation rates (k 8 and k 9 ). Figure 6 also demonstrates that x 4 is robustly maintained to x * 4 despite a considerably large shift of u, or k 8 and k 9 in which such a change really occurs because of some mutations of genes in signal transduction pathways.
Remark 3
In the simulations, (i) the maximum value of x 1 is 6.80 × 10 4 that is much greater than K 2 (= 1.71), (ii) the flux v 2 at the stationary state is 3.11×10 −1 that is greater than that of v 3 (= 9.67 × 10 −2 ), (iii) the flux v 5 at the stationary state is 8.58 × 10 −1 that is much greater than that of v 4 (= 0.00), and (iv) the maximum value of x 4 is 10.0 that is smaller than K 5 (= 2.22 × 10 1 ). Although (ii) and (iv) does not fully agree to the contexts of "much greater" and "much smaller" in the Assumption 1, the simulations supports the results in the Section 4.1.
Multifunctionality of Integral Control
From Sections 4.1 and 4.2, the output to be regulated by integral control can be selected by tuning the activities of E (cyt) and E (nuc) . In Fig. 7 , the system works with E (cyt) = 100 (high level) and E (nuc) = 0 (low level) until t = 200 s, and thereafter with E (cyt) = 0 (low level) and E (nuc) = 100 (high level), which implies that x 4 is regulated in the first period, and then x 2 in the second period. From (21) , the reference x * 2 is calculated by
The simulation result indicates that the integral control successfully works in both periods where x 4 goes to x * 4 with the high E (cyt) and the low E (nuc) until t = 200 s, and then x 2 goes to x * 2 with the low E (cyt) and the high E (nuc) .
Multifunctionality Regarding Low-Pass Filter and Integrator
Consider the case in Section 4.3. The system functions as a low-pass filter with the low E (cyt) and the low E (nuc) . In general, the dynamics of a series of processes in the central dogma occurs in a time span between 10-30 minutes (rapid gene expression) and several hours (slow gene expression) [16] . Thus, an abnormally rapid gene expression (e.g. in a second-scale time span) might be a disturbance, and should be rejected in the post-transcriptional control. Figure 8 demonstrates time-course plots of x 3 with three kinds of input patterns in which one-shot pulses with time periods of T = (6, 60, 600) s are examined, indicating that the system reduces the abnormally rapid input signal with T = 6 s whereas normally transmits the signals with T = (60, 600) s. Finally, Fig. 9 shows the time-course plots of x p in the case of Section 4.4 where the system functions as an integrator. Although there is a big gap between the calculation with (27) and the simulation result in the case of E (cyt) = E (nuc) = 100 (the left graph), the gap can be reduced by increasing the activities of the enzymes (the right graph). 
Conclusions
In motion control of a molecular robot, the method for regulating a concentration of a target biomolecule to a desired level is essentially required because a performance of a biological actuator is determined by a concentration of the input molecule. This study has shown that a protein stabilization system as a post-transcriptional control functions as two types of integral controllers, low-pass filter, and integrator depending on the activities of the cytoplasmic and nucleus enzymes that are also controlled by the peripheral system around the system. Our theory is supported by the computational simulations with the realistic parameter values according to the literature. Although our result provides a possible candidate of a feedback controller for the molecular robot, and other methods should be explored, it also indicates the feasibility of the control problem.
